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In the early 1940s, Roger Sperry cut the optic nerve of a 
newt, rotated the detached eye 180 ° in its orbit, and as- 
sayed the visuomotor behavior of the animal after its nerve 
had regenerated. The newts, and in subsequent studies, 
frogs, behaved as if their visual world were back to front 
and upside down: when a lure was presented in front of 
them, =they wheeled rapidly to the rear instead of striking 
forward," and when the lure was presented above, =the 
animals struck downward in front of them and got a mouth- 
ful of mud and moss ~ (Sperry, 1944). This experiment led 
him to propose that topographic nerve connections be- 
tween the retina and its main central target, the optic tec- 
tum, are governed by sets of complementary "cytochemi. 
cal tags." This novel idea contrasted with the prevailing 
views of the time and stands as one of the most profound 
insights in developmental neurobiology. Sperry subse- 
quently demonstrated the existence of topographic maps 
and proposed a mechanism for their formation (Sperry, 
1963). Now, more than 50 years after Sperry's eye rotation 
experiments, the search for these molecules is beginning 
to end with the work presented in two papers in a recent 
issue of Cell (Cheng et al., 1995; Drescher et al., 1995). 
Until Sperry's experiments, it was thought hat the ner- 
vous system formed appropriate connections using elec- 
trical resonance or mechanical guidance (Weiss, 1955). 
According to the resonance hypothesis, axons that con- 
nected appropriately produced rewarding patterns of be- 
haviors that somehow resonated with these connections, 
while inappropriate neural projections that produced aber- 
rant behaviors were silenced or eliminated. This view was 
crushed by Sperry's experiment because "the stupid frogs 
never learned," as Sperry laughingly would tell his stu- 
dents. They lived the rest of their lives jumping backwards 
for flies that appeared in front of them. The mechanical 
view, which also seemed incompatible with Sperry's find- 
ings, was that nerve fibers were guided to their targets by 
morphogenetic factors, such as micromechanical stress 
lines or grooves in the tissue. Indeed, scratches on syn- 
thetic surfaces were shown to be capable of guiding fiber 
growth in culture (Weiss, 1955). However, Sperry ob- 
served that optic nerve fibers regrew in a haphazard way, 
often following tortuous trajectories, yet they were still able 
to sort themselves out and home in on their original targets. 
This observation argued against the idea that nerve fibers 
were simply channeled into their correct places by the lay 
of the substrate. 
Shrewdly, Sperry realized that not only had he seriously 
undercut he resonance and mechanical hypotheses but 
had also laid the foundation for a new and radically differ- 
ent hypothesis for nerve connectivity, which he called 
"chemoaffinity." He envisaged that cells in the retina and 
their postsynaptic partners in the tectum acquire a match- 
ing set of affinities, or cytochemical tags, during develop- 
ment and that retinal ganglion cell fibers are guided to the 
appropriate tectal areas according to these complemen- 
tary affinities. He postulated the existence of two or more 
cytochemical gradients =that spread across and through 
each other with their axes roughly perpendicular. These 
separate gradients uccessively superimposed on the reti- 
nal and tectal fields and surroundings would stamp each 
cell with its appropriate latitude and longitude expressed 
in a kind of chemical code with matching values between 
retinal and tectal maps" (Sperry, 1963). 
Sperry's Nobel Prize was awarded for his work on the 
lateralization of conscious experience and function (done 
in the 1960s and 1970s) rather than for his work on neu- 
ronal specificity because, at the time, there was still reason 
to be skeptical of chemoaffinity. In the post-Sperry era 
(1960s to 1980s), although many experiments ubstanti- 
ated chemoaffinity, almost as many challenged it (re- 
viewed in Holt and Harris, 1993). For example, surgical 
ablations of half retinas and tecta showed that the chemi- 
cal tags, if they existed, must be labile since maps could 
compress or expand. Other experiments howed that the 
initial retinotectal map is at least partially disordered dur- 
ing normal development in some systems and that some 
of these mistakes are removed through an activity-based 
mechanism. In addition, it was found that optic fibers tend 
to stay together based on their position in the retina and to 
map together using common patterns of electrical activity. 
These studies kept the ideas of Weiss alive and suggested 
that activity patterns, fiber-fiber interactions, and morpho- 
genetic factors could account for retinotectal topography. 
Support for chemoaffinity came from studies using mod- 
ern axon tracing methods, which showed that individual 
axons regenerate along abnormal and circuitous routes 
before reaching their correct argets (Fujisawa, 1981). Also 
consistent with chemoaffinity were experiments howing 
that retinotectal topography develops in the complete ab- 
sence of neural activity. There were even experiments in 
which fibers were asked to grow to virgin tecta in the ab- 
sence of activity and normal axon tracts, yet they still made 
appropriate topographic maps (Harris, 1984). The post- 
Sperry era thus left us with the knowledge that there was 
more to making a functionally useful map than chemoaffin- 
ity, but that topographic map formation probably relied 
critically on gradients of chemoaffinity. 
The search for candidate chemoaffinity molecules, pre- 
sumed to be distributed in gradients across the retina and 
tectum (Figure 1A), has used a variety of techniques, in- 
cluding monoclonal antibodies, two-dimensional protein 
analysis, molecular biology, and serendipity. Such ap- 
proaches have led to the discovery of TOPov and TOP^p, 
two proteins arrayed in complementary dorsoventral and 
anteroposterior patterns in the retina and the tectum 
(Trisler, 1990). TOPAp, an integral membrane protein with 
homophilic properties, has recently been cloned (Savitt et 
al., 1995). Temporal retinal axon protein (TRAP; McLoon, 
1991) is another membrane protein that appears to be 
arrayed in a step function in the retina on temporal but 
not nasal cells. There are a number of transcription factors 
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Figure 1. Schematic Diagrams of Putative 
Mechanisms of Chemoaffinity 
(A) Mapping from the temporonasal (red to yel- 
low) axis of the retina to the rostrocaudal (light 
blue to dark blue) axis of the tectum. Te poral 
axons terminate in the rostral tectum and do 
not enter the caudal half, whereas nasal axons 
grow through the rostral rectum to terminate in 
the caudal tectum. 
(B) Stripe assay developed by the Bonhoeffer 
lab to test for chemoaffinity molecules. Tempo- 
ral axons (red) prefer membranes derived from 
rostral (light blue) rather than caudal (dark blue) 
tectum, whereas nasal xons (yellow) grow 
equally well on both membranes. 
(C) Experiment showing that temporal but not 
nasal axons respond to a gradient of caudal 
tectal membranes, by either slowing down or 
turning away (color scheme as above). 
(D) Color-coded Mek4, RAGS, and ELF-I. The 
distribution is reflected in the color scheme 
of (A). 
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whose asymmetric distribution in the retina and tectum 
could regulate the expression of topographic receptors 
and ligands. For example, engrailed is expressed in a cau- 
dal to rostral gradient in the tectum. The initial topographic 
expression of such transcription factors may be traced 
back, in the case of the dorsoventral xis of the retina, to 
an asymmetric synthesis of retinoic acid in the ventral ret- 
ina by retinaldehyde dehydrogenase (McCaffery et al., 
1993). The unfortunate truth, however, is that none of 
these molecular differences has been demonstrated to 
have any functional role in mapping. The best case, which 
is only a correlative one, can be made for engrailed. Embry- 
onic operations in the chick that reverse the engrailed gra- 
dient also reverse the retinotectal map (Itasaki and Naka- 
mura, 1992). 
An in vitro functional approach to identifying the che- 
moaffinity molecules began with cell attachment assays. 
Roth and coworkers demonstrated that cells from the dor- 
sal retina preferentially adhere to cells from the lateral 
tectum, whereas cells from the ventral retina prefer medial 
tectum (Marchase et al., 1977). In an axon outgrowth 
assay, tectal membranes were shown to attach more 
strongly to temporal retinal axons than to nasal retinal 
axons (Halfter et al., 1981). These studies showed that a 
functional bioassay could be used to find opposing gradi- 
ents of adhesion molecules and their receptors in the ret- 
ina and tectum, but attempts to purify these activities using 
such assays failed. 
In the 1980s, the Bonhoeffer group in TL~bingen devel- 
oped a more physiologically relevant in vitro bioassay. 
They let retinal growth cones choose to grow on rostral 
versus caudal tectal membrane fragments ingeniously ar- 
rayed in a carpet of microstripes on a nucleopore filter 
(Figure 1 B) (Walter et al., 1987b). Temporal retinal axons, 
when given a choice on the striped carpet, preferred to 
grow on lanes of tectal membrane extracted from rostral 
versus caudal tectum. Surprisingly, this preference was 
abolished by heat or fixation of the caudal membranes, 
Minireview 
243 
demonstrating the activity to be a repulsive factor on cau- 
dal membranes and not an attractive one on rostral mem- 
branes (Walter et al., 1987a). This factor, then, is presum- 
ably what inhibits temporal axons from invading the caudal 
tectum during development of the retinotectal projection 
in the chick (reviewed in Holt and Harris, 1993). Examina- 
tion of the choices that temporal retinal axons make be- 
tween membranes extracted from successive rostrocau- 
dal quarters of the tectum made it clear that the caudal 
inhibitory activity is graded over at least the caudal two- 
thirds of the rectum (Walter et al., 1987b). Temporal axons 
challenged in vitro with a steep gradient of the posterior 
activity steered away, slowed down, or stopped when they 
encountered increasing concentrations (Baier and Bon- 
hoeffer, 1992) (Figure 1C). This experiment proves that 
graded activity alone is capable of guiding temporal axons, 
and thus of contributing to topographic mapping in vivo. 
The activity is glycosyl phosphatidyl inositol (GPI) an- 
chored to tectal membranes. If removed by phosphatidyl 
inositol-phospholipase C (PI-PLC; Stahl et al., 1990), tem- 
poral axons no longer avoid caudal membranes. By doing 
the assay with different stages of tectal membranes, the 
Bonhoeffer group was also able to deduce that the activity 
first appears in development just before the retinal fibers 
grow onto the tectal surface and disappears after the map 
is complete. 
These pieces of information were useful in identifying 
two molecules that are strong candidates for chemoaffinity 
in chicken embryos. The first was found in a urea- 
extracted, biologically active fraction of caudal, but not 
rostral, membranes. It can collapse retinal axons and 
guide them in the stripe assay (Stahl et al., 1990). This 
33 kDa molecule has not yet been cloned. The second 
molecule, reported by Bonhoeffer and colleagues (Drescher 
et al., 1995), is a 25 kDa molecule called RAGS (for repul- 
sive axon guidance signal) apparent in two-dimensional 
gels of PI-PLC-released proteins from posterior, but not 
anterior, membranes at the appropriate stage of develop- 
ment (Figure 1D). Drescher et al. (1995) used micro- 
sequencing techniques to clone RAGS. They show that 
it is expressed in a caudal to rostral gradient, and crucially, 
they demonstrate that COS cell membranes expressing 
RAGS have the ability to repel retinal axons. RAGS over- 
expressed in COS cells is equally effective in collapsing 
both nasal and temporal axons. The absence of collapse 
specificity for temporal axons in this experiment may be 
because a cofactor, normally present on tectal cells, is 
missing in COS cell membranes. 
One of the interesting aspects of RAGS is that it belongs 
to an emerging family of Eph receptor tyrosine kinase 
(RTK) ligands, termed EFLs (for Eph-family ligands; Davis 
et al., 1994). Indeed, a newly identified EFL, AL-1, appears 
to be the human homolog of RAGS. AL-1, also a GPl-linked 
protein, was cloned as a ligand for the Rek7 RTK (Winslow 
et al., 1995). Both soluble AL-1, which binds to but does 
not activate the receptor, and the extracellular domain 
of Rek7 (Rek7-Fc chimera) prevent bundling of axons in 
cocultures of cortical neurons and astrocytes (Winslow et 
al., 1995). Rek7 is the rat homolog of chicken Cek7 and 
the mouse BSK. It is expressed exclusively in the nervous 
system, but its distribution in the developing retina and 
tectum awaits characterization. 
The accompanying paper in Cell by Flanagan and col- 
leagues at Harvard (Cheng et al., 1995) shows that Mek4, 
another Eph RTK, is expressed in retinal ganglion cells 
and their axon terminals in a topographic gradient that 
complements the topographic expression of its ligand, 
ELF-l, in the tectum of chick embryos (Figure 1D). Flana- 
gan's group had previously identified ELF-1 using an inge- 
nious technique called RAP, in which the membrane- 
spanning and intracellular domains of the Mek4 receptor 
were replaced with alkaline phosphatase (AP). This Mek4- 
AP fusion protein was used to bind and thus histochemi- 
cally tag its ligand (Cheng and Flanagan, 1994). ELF-1 
is a GPl-linked high affinity ligand for Mek4 expressed 
strongly in the caudal tectum but waning in a smooth gradi- 
ent to the rostral pole. The RAP method was used to clone 
ELF-1 from an expression library transfected into COS 
cells (Cheng and Flanagan, 1994). Flanagan's group used 
LAP, a variation of RAP in which the ligand is fused to 
AP, to show that Mek4 is expressed most strongly on the 
axons of temporal retinal ganglion cells, the axons that 
Bonhoeffer's group have shown avoid caudal membranes. 
Both ELF-1 and Mek4 are shown to be expressed at the 
right time and in the right places to be part of a chemoaffin- 
ity mechanism for mapping. 
Despite the fact that RAGS and ELF-1 belong to the 
same family of RTK ligands and are similarly arrayed in 
the tectum, they are not homologs. In addition, Cek7 rather 
than Mek4 is likely to be a receptor for RAGS. The distribu- 
tion of Cek7 in the chicken retina is not yet known, but 
the Bonhoeffer work would predict it to be stronger in the 
temporal retina than in the nasal retina. Interestingly, 
ELF-1 has also been identified as a ligand for Cek7, under- 
scoring the promiscuity of this class of receptor-ligand 
interactions and thus complicating the story (Shao et al., 
1995). Walter et al. (1987b) showed that there was a strik- 
ing discontinuity between temporal and nasal retinal ax- 
ons in their ability to avoid a posterior factor, yet Mek4 is 
graded smoothly across the retina. Bioassays like the one 
described above have shown that nasal axons prefer cau- 
dal tectal membranes (von Boxberg et al., 1993), indicat- 
ing that other molecular gradients must also exist. Indeed, 
other Eph RTKs are expressed in gradients along different 
retinal axes (Holash and Pasquale, 1994, Soc. Neurosci., 
abstract), suggesting that other Eph RTKs and their li- 
gands might also control orthogonal topography in the ret- 
ina. Twelve distinct Eph receptors and seven different li- 
gand members have been found, many in the last year; 
a large number of these are expressed in distinct patterns 
in the developing nervous system. The challenge ahead 
will be to explain which of these large classes of receptors 
and ligands are used and how they function in map forma- 
tion in the tectum and other parts of the nervous system. 
It is gratifying, nonetheless, to see that some of Sperry's 
cytochemical tags are receiving putative molecular iden- 
tities. 
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